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in radiation (although this had been demonstrated for the low energy spread
case of the constant wigg1er]). Measurement of these quantities required the
development of new diagnostics. The requirements on these diagnostics are not :
trivial: the emittance measurement system must be capable of responding quickly ‘
enough so that changes due to shifts in accelerator tuning do not affect
the measurement. Moreover, the focusing system of the electron beam ll
transport system should be altered as little as possible so that re-
focusing of the electron beam into the wiggler system can be accomplished
quickly. -

I. EXECUTIVE SUMMARY

.

The results of an experimental program to investigate the free electron ;
laser (FEL) are presented. The FEL system used was developed under a pre- -
vious phase of this contract. It utilizes a 25 MeV linac operated by EG&G J
in Santa Barbara to produce amplification of 10.6 micron light from a o
"high power CO2 laser. The system operates at a pulse rate of 60 Hz. i
At the commencement of this phase of the program, the TRW FEL had ?
already demonstrated deceleration and trapping in agreement with theory. =
The uncertainties that remained were twofold: first, the emittance of j
the electron beam appeared to be influencing the trapping, suggesting i
that the emjttance was larger than previously measured; second, it had ;
not been demonstrated that the energy lost from the electrons had appeared i
]

;? A device to meet these requirements was developed based on an array \
of optical fibers. Cerenkov radiation from electrons striking the fibers o
converts the electron profile to an electrical signal in a photo detector.

The array was used to measure electron density radial profile as a function of
magnetic quadrupole focussing to determine the emittance of the electron beam.
Use of this diagnostic uncovered large changes in the day to day emittance

of the electron beam. The sensitivity of the FEL to changes in the

emittance appeared to be large.
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These effects were observed during single pass gain measurements
that were performed on the system. The requirements on the gain diagnostics
s were even more severe than on the emittance diagnostic. The anticipated
gain was on the order of 1%. To accurately measure a change that small
is difficult enough but compounding the difficulty was the fact that
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gain only appears during the 30 ps duration of the electron beam pulse.
! When averaged over the response time of the detector, the signal increase
due to the FEL interaction was predicted to be .02%. An etalon system was
developed to discriminate against the background signal. It was successful
in rejecting the high power input while retaining the gain signal. The
! high repetition rate of the system allowed the use of signal averaging
3 . techniques to produce a threshold sensitivity of .3% peak gain. Small

signal gain of the FEL with a constant wiggler was measured with this
. system to be 1.5%. Large signal gain with a tapered wiggler was found
! « to be less than 3%.

\\“\§>The experimental results indicate that to the 1imits of the present

sensitivity the FEL is behaving in accordance with theoretical models.
This suggests that improving the current and emittance of FEL accelerators
will have a profound effect on improving the performance of FELs.~To
this end accelerator development has been performed at the Boeing ha(p-
space Company linear accelerator. Effort has centered on designing cFi;
tical accelerator'system components to produce an electron beam which meets
the stringent FEL requirements for high beam quality, high current, and
a long, stable macropulse.

.......
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11. SYSTEM DESCRIPTION

The experiments described below were performed on the system built
during the previous phase of this contract. The apparatus is described
briefly below. Further detail may be found in the reference;. A schematic
of the three main subsystems (linac, optical system, wiggler) is shown in

- Figure 1.

The electron beam source is the rf linear accelerator located at
EG&G Santa Barbara Operations. It has an energy range of 1-30 MeV, with
25 MeV being the nominal operating point. Firing at a repetition rate of
60 Hz, the linac produces single beam pulses of 30 ps duration with a 1%
full width at half maximum (FWHM) energy spread, 15 A peak current, and
an emittance of 4.3r mm mrad. The electron energy analyzer consists of
a 45° analyzer magnet and an electron profile: monitor. The linac is

pictured in Figure 2 before the addition of the transverse electron
transport system.

The optical system consists of a laser driver, beam propagation
optics, and a spectrometer with a detector. The laser beam pulse of 20 MW
peak power and 3 nsec FWHM is produced in a two stage CO2 laser system using
an electro-optical switch’ for pulse-length control. The system is designed
to run at high repetition rates to allow the use of signal averaging
techniques.

Figure 3 shows the first stage injection laser with the Pockels cell
switch. The mode-locked power oscillator is shown in Figure 4. Reflective
optics were used to propagate the output beam to the FEL and fit the beam
to the proper size,waist position, and polarization. Overlap of the electron
and photon beams was assured by observing a colinear HeNe beam on fluores-
cent screens inserted into the beam line before and after the wiggler.

Remote television cameras could simultaneously observe the HeNe beam
and the electron beam striking the screen.

The tapered wiggler is constant in wavelength (Aw =3.56 cm) but varies
axially in field amplitude. It consists of a pair of 1inear arrays of
SmCo5 permanent magnets with the magnetization vectors oriented as shown
in Figure 1. The field at the symmetry axis is given by B=A cos(kz)

x exp(-kh); k is the wiggler wave number equal to 2n/Aw, h is the half-
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separation of the two magnet planes, and A is a fzactor that depends on the
magnet material and geometrical factors. Variation of the field strength
is accomplished by making h a function of z. Additional end tapers are
necessary for unperturbed beam propagation. Figure 5 shows the wiqggler
mounted in position. A unique feature of the design is that adjust-

ment of the taper to any desired value may be accomplished quickly and
easily by insertion of shims between the supporting rods; this allows

a taper change during a half hour of down time.

These three systems combine to form the FEL. An understanding of the
operation of these system requires sensitive diagnostics. Several
developed specifically for this program are described in the next section.
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I11. DIAGNOSTIC DEVELOPMENT

The key to understanding free electron lasers and interpreting the
results of the experiments is in quality diagnostics. The importance of
good meaningful diagnostics can not be overstressed. The free electron laser
has stringent requirements for the electron beam and has unique optical
output properties, both of which require that good diagnostics be devg]oped
to observe and measure this parameter space. For the electron
beam it is necessary to measure very accurately the energy, the energy
spread, the emittance and position before and after the free electron
laser interaction. The optical diagnostics fall into two classes: those
which measure the spontaneous radiation and those which measure amplitica-
tion of the injected laser pulse.

Three unique diagnostics have been developed to meet these require-
ments. A high resolution spectrometer was built that measures the complete
electron energy distribution on each electron micropulse. A fast and
accurate emittance measuring system was also designed and developed.

An optical gain measurement system able to measure gain as low as .3%
lasting 30 psec superimposed on a 3 nsec input pulse was built and tested.
These and other diagnostics made the experimental program a success.

Electron Beam Diagnostics

The electron beam line (see Figure 6) had several diagnostics
installed. A Faraday cup was used to measure the current from the linac .
Since it has a very fast risetime it was used to set up the subharmonic buncher
for the narrowest micropulse making sure there were no satellite
pulses, i.e. pulses that fell into adjacent RF buckets. An adjustable
collimator was used in the first 90° bend (where the energy dispersion
is large)to select the energy spread to be allowed into the free electron
laser system. It was set to allow a 1% energy spread into the
system. Next, there was an insertable stopping block at the position
of the dashed line in Figure 6. This was used to measure the amount of
current that made it through the energy slits. Following this, the
electron beam was transported through five quadrupole magnets to the
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second 90° bend. A straight through port on the first bending magnet
allowed the current and the emittance at this point to be measured. The
current was measured by a stopping block which captured the charge of the
electron beam. The emittance was measured by varying the current on the
last quadrupole of the five quadrupoles in the transport line and using

a profile monitor made of a coil of optical fibers. This measurement will
be discussed in detail below. The electron beam is then bent around

the corner and focused into the wiggler system. Insertible fluorescent
screens are used immediately before and after the wiggler to properly
position and focus the electron beam. These screens are also used to
align the CO2 laser through the system. After passing through the
wiggler the electron beam is bent 45° to a profile monitor made of optical
fibers to form a high resolution spectrometer. A stopping block at this
point is used to measure the current through the wiggler.

The profile monitor used in the emittance and energy spectrometer
consists of a novel application of optical fibers. This monitor was developed

during the experimental program. The monitor consists of a sinqle polysili-
cate optical fiber wound on a mandrill to form a ribbon of sixty tightly
packed loops (see Figure 7). One section of the circumference of this
ribbon is placed to intercept the electron heam with the rest of the
ribbon bent out of the way. This section of the ribbon is oriented at
the Cherenkov angle with respect to the electron beam. In this way,
Cherenkov radiation produced by the passage of the electrons through

the fibers is bunched. As the electron pulse is short compared to the
optical transit time around the loop, the ribbon forms a delay line.
Thus 1ight from one side of the coil gets to the phototube before

that from the other side. The instantaneous profile of the electron

beam is converted to an oscilloscope trace. Apoendix III gives a
detailed description of this device.

By using this profile monitor in conjunction with a quadrupole
magnet, a fast, reliable, and very accurate emittance measurement can
be done (see Figure 8). The profile as a function of the current in the
quadrupole is dependent on the emittance. From the shape of this function
the emittance can be accurately inferred. This is based on electron
transport assuming the electron beam is a Gaussian profile. This technique
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ON LINE BEAM EMITTANCE DIAGNOSTIC

BASED ON THEORY BY ROGER MILLER, SLAC.
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was developed by Roger Miller at SLAC. Appendix IV has a detailed der-

ivation of the applicable equations. This method requires that the pro-
file be measured for at least three settings of the quadrupole magnet as
three unknowns in the tranpsort equation must solved for. These are the
emittance, the waist size and the position of the waist. More than three

~settings allow an error bar to be assigned to this measurement. To measure

five or six profiles takes less than ten minutes, so that this measurement
can repeated as often as desired, allowing it to be used to tune the ac-
celerator for good emittance.

The optical fiber profile and position monitor in conjunction with
a bending magnet forms a very accurate pulse resolved electron spectrometer
(see Figure 9). In this case, the position at which the electron passes
through the fiber is correlated with its energy. Changes in the electron
energy of as little as .18% can be measured allowing a very accurate measure
of the electrons energy exchange with the input CO2 laser pulse.

These two novel electron beam diagnostics were developed and used very
successfully during the experimental program giving significant improvement
in the knowledge of the electron beam and its interaction in the free
electron laser. The data obtained will be presented below following a
discussion of the optical diagnostic system.

Optical Diagnostics

A major complication in measuring instantaneous optical gain arises
from the fact that the gain occurs only for the duration of the electron
beam micropulse, which because of the RF nature of electron accelerators
{s about 30 psec long. The unamplified C02 laser signal is 3 ns long,
limited by the speed of the Pockel cell switch, forming an essentially
CW (on the ps timescale) background (see Figure 10). To complicate matters
even further, the fastest IR detectors have a rise time of around 300 psec
which reduces the amplitude of the optical gain signal by a factor of
10 (see Figure 11). For these reasons, it was necessary to develop an
optical gain measurement system which discriminates against the input laser
pulse. Such a system was developed which could measure instantaneous
optical gains as low as .3%.
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First, though, it is useful to describe the optical gain system with-
out input laser discrimination. A great deal of signal to noise enhancement
can be done by taking advantage of the high repetition rate of the
experiment (60 Hz) using signal averaging methods. This was done by sampling
and holding the amplified laser signal from the fast detector. The sampling of

. the signal is done at a time corresponding to the peak of the spontaneous radiation

pulse. This technique makes sure that the sampled signal was coincident with the
electrons traveling through the wiggler. This signal was input into a
lock-in amplifier and averaged over several hundred samples. To take
advantage of the lock-in amplifier, the electron pulse was switched off

every other pulse and the lock-in referenced at half the laser firing
frequency; thus, the signal from the lock-in was the difference in gain

with and without electrons so that background fluctuations are automatically
averaged out. Using the same setup, but blocking the input laser light

the spontaneous radiation could be measured and subtracted from the gain
signal. The sampling window was 75 psec wide set to within 50 psec of

the peak spontaneous radiation signal. A jitter of less than 50 psec

hetween the laser signal and the spontaneous signal was observed. A
Jetectability threshold equivalent to 1.5% instantaneous gain was measured
with no input laser pulse discrimination. This was determined by replacing
the detector signal with a calibrated pulse to simulate the input and the

gain spike. The gain spike was attenuated until the lock-in reading was equal
to the noise level. The optical gain predicted by the electron distribution
measurements indicated the tapered wiggler had a gain of 1.7%.

Considerable effort was made to increase the sensitivity of the optical
measurement by preferentially attenuating the unamplified laser signal.
The discrimination of optical pulses relies on the fact that the pulse
durations are drastically different for the optical gain signal and the
input laser pulse; or equivalently, the bandwidth of the input laser is
much less than the gain pulse.

If the laser pulse is much longer than the electron pulse, the optical

gain signal is very close to the same width as the electron pulse (see
Appendix I for detafled calculation). This means that the gain, the
spontaneous radiation (both regular and enhanced due to bunching) and

19
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the electron pulse have the same time structure.

The power emanating from the free electron laser consists of four terms
(see Appendix II). The first term is the power of the input laser and has
a long time structure. The other three terms are derived from radiation by

the electrons, have a short time structure, and can be separated due to their
different bandwidths. This was done by using a Fabry-Perot. It is essentially
-a notch filter which eliminates the narrow band input laser signal while

passing most of the fast terms.

A number of methods were considered before settling on the Fabry-Perot
for preferentially attenuating the unamplified laser signal by known
amounts. One optical method commonly suggested for enhancing the sen-
sitivity of the gain measurement is to rotate the polarization vector of
the CO2 beam an angle 6 with respect to the gain axis of the free electron
laser, As there is gain only for the component of the electric field along
the gain axis, there is a rotation of the total field vector and this
rotation is detected at the output by an analyzing polarizer oriented at
90° with respect to the input laser polarization. The problem is that this
is a second order effect in gain. Therefore this does not measure gain
but the gain can be inferred by making certain assumptions. What is
measured is the third term mentioned in Appendix II. In practical terms,
the extinction ratio of the polarizer must be greater than the reciprocal
of the gain squared. To measure a 1% gain the extinction ratio would have
had to be better than 104, and still the gain must be inferred. With a
practical polarizing system, the enhancement of this method was only a
factor of 2. The lack of a dramatic increase in sensitivity, coupled with
concern about the interpretation of the gain measurement led to the

*Note that gain and enhanced spontaneous radiation cannot be separated by
time or frequency filtering techniques, so that neither hot C02 or Fabry-
Perot techniques, can measure, by themselves enhanced spontaneous and not
gain or visa versa. This can only be done by polarization effects.
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abandonment of the polarization discrimination technique in favor of pulse
length discrimination.

A low reflectivity Fabry-Perot interferometer can be used to discriminate
against the slowly varying narrow bandwidth CO2 laser input signal. The
principle of this device is based on the interference of successive reflections
between two parallel partially reflecting surfaces. Constructive inter-
ference of the slowly varying wave amplitude occurs when there is an
integral number of optical wavelengths between the surfaces, so the
reflected power is at a minimum. When the contributions of all the
interfering waves are summed the resultant reflected power is

PL(t) = P, TRy [A f(t) -« "{%—’]2 ()

with
= 2
Pin (t) = Py f2 (t).

R is the reflectivity of a surface, A is the net absorption of the beam
in traversing the gap between the surfaces and 1 is the round trip time
for the light.

On the other hand, if the duration of the pulse is less than t
interference can not occur and the power reflects from each surface and
the reflected power is

P. =P (R+ (1-R)Z R+ (1-R)2R% + (1-R)Z R® + - . )
where each term in the series is separated in time by t. The reflected
power of the fast pulse is insensitive to large changes in the pulse
length.

The device in its simplest form is a solid flat of uncoated InSe,
approximately 3 mm thick, mounted on a rotating stage. The index of
refraction of ZnSe at 10.6 um is 2.4, so for near-normal incidence R = 0.17.

The bulk absorption is 6 x 10-4 cm'] and the round trip time is 48 ps. The
power reflected from the fast pulse is independent of the angle of incidence

Pf = .25 P, .
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This power is reflected in a time short compared to the risetime of the
detector and only first reflections from the front and rear surfaces
contribute. As far as the fast pulse is concerned, the etalon is a 29%
reflecting mirror. The reflected fraction of the slow pulse varied between
1/2 and the minimum, which can be evaluated using Eqn 1. A Gaussian slow

~ pulse time profile with a distance between 1/e points equal to 3 ns has a

4

reflectance of 10" and a 500 ps wide region centered near the peak of

the input pulse where the reflectance is less than 10'5.

The device is aligned by adjusting the orientation of the etalon until
the transmission of the CO2 laser signal is maximized; the reflected
signal is minimized by making final angular adjustments of the order of
a milliradian.

In practice, factors other than absorption (primarily surface parallelism
of the solid etalon, but also flatness, surface quality) can increase the
reflectance of the slow signal, but the reflectance of the fast signal
is insensitive to all of this.

Figure 12 shows the optical setup used to measure the gain with the
etalon as a pulse length filter. The light from the free electron laser
is extracted from the high radiation environment through a shielding wall
to the optical diagnostic setup. The light is collimated by a telescope
before impinging on the etalon. The majority of the CO2 laser pulse is
transmitted through the etalon. The reflected signal off the etalon is
focussed on a mercury teluride detector after reflecting off a grating.
The grating is in the system, so the spectrum of the gain pulse could be

measured, as well as the spectrum of the spontaneous radiation from the
free electron laser. The electronic signal processing is the same as
described earlier.

A more common two-plate Fabry-Perot system, consisting of two plates
with AR coated outer surfaces and uncoated inner surfaces, could have
been used to relax the parallelism requirement, but the limiting factor
for the slow signal reflectivity is the AR coating on the first surface.

Typically this reflectivity is about .3-.5% at 10.6 um. Thus, a solid
etalon was chosen.
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A ZnSe etalon was purchased to test this scheme. The etalon with the

,,,.;.r
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best surface parallelism (11 arc seconds) was selected from the manufacturer's
stock; better parallelism is certainly achievable, but for testing purposes

it was better to avoid the long lead time associated with the manufacture

of a better etalon. The wedge angle was such that constructive interference
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~criterion could not be met over the entire surface of the etalon; it
was estimated that for a beam with 15 cm diameter the total power rejection

of the slow signal would only be a factor of 30, although local portions
of the beam would have much larger rejections. The predicted behavior
of the etalon was verified with a dc CO2 laser. The rejection over the
full beam area was only 26, although the center portion of the beam had
rejection in excess of 200.

The performance of the etalon not only bore out predictions sufficiently

to warrant further interest, but was good enough to reduce the gain
detection threshold to ~ .3%

The system developed to measure spontaneous emission is shown in

rigure 12. The radiation, used for timing, alignment and energy calibra-

tion is collected by a exit mirror subtending from the FEL a half angle
adjustable from,5 to 4 milliradians. The radiation thus collected exits
the radiation cell by means of a shielded pipe and is focussed on a
diffraction grating blazed for 10 microns. The dispersed spectrum is
limited by a small aperture before landing on the HngzTe detector.

The assembled system exhibited a resolution of better than .05 microns.
Signal processing consisting of a high speed amplifier and a lockin unit

» '..
at the linac pulse frequency was used to enhance the signal sensitivity. ]
Peak power levels during the 30 ps pulse as low as 6 microwatts could f:
be detected. Moreover a risetime of as short as 300 ps was observed -
through the fast amplifiers. The results of using the system will be ;'
discussed below. -~
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IV RESULTS

The TRW free electron laser program has accomplished the following
major goals:
1) Demonstrated electron deceleration consist with theory (Figure 15).
2) Direct optical measurement of gain from a free electron laser.
3) Measured the spontaneous radiation spectrum and determined its
functional dependence on

energy
energy spread

emittance

taper of wiggler
collection aperture
steering of electron beam

4) Developed sensitive and fast electron beam emittance measurement system.
5) Developed high resolution very fast electron energy distribution
monitor.
6) Developed an ultra-sensitive optical gain measurement diagnostic.
7) Measurement of the upper limit on large signal tapered wiggler
gain.

The electron energy distribution was measured using an optical fiber
profile monitor at the magnetic spectrometer's focal plane, as described
previously. Figure 13 shows typical experimental data, in which the three
traces represent the electron energy distribution with and without the
injected laser pulse and the displayed difference. The data displayed
was accumulated over a series of 5000 samples of the interaction. The
narrower distribution is the energy distribution without the laser input,
while the wider one is with the laser input.

~ Figure 14 shows the raw signals from the spectrometer, where each
trace represents the energy distribution of a single electron beam pulse.
The apparent jitter is due to small fluxuations in the beam energy from
shot to shot, ~ .1%. The top photo shows the electron distribution without
the laser input. The second photo displays the distribution with the laser
interaction. The last photo exhibits both together on the same picture. This

25
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Figure 13. Two examples of FEL interaction. The two upper 2
traces are the electron distribution with and
without the injection laser. The bottom trace

is the difference between them times 2.5.
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Figure 14. Electron Energy Distributions
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demonstrates the interaction plainly with the two distributions discernible
by their different widths.

Fiqure 16 shows experimental changes to the electron beam eneray
distribution caused by the interaction with an input laser. The wiggler is

set with a .6% taper. The first graph has the electrons being both

- accelerated and decelerated in about the same numbers, so that in this

example the electron energy distribution was increased with 1ittle change

in the average energy. In the second graph, there were many more electrons
decelerated than those which were accelerated. The last graph in this figure
displays one of the best examples of average deceleration with almost no
electrons being accelerated by the interaction. In this case, about 10%

of the electron were decelerated a 1ittle more than 1/2%, corresponding

to an efficiency of about .06% and a gain of about 1.2%. It is believed

that the interaction was largely limited by the emittance of the accelerator
which averaged around 8 n mm-mrad, but with a large variance as illustrated
in Table 1. Figure 17 shows the gain predicted as a function of emittance
and energy spread, in this case without any taper. It also shows an
experimental measurement of the gain, which will be described below. The
sensitivity to emittance is such that going from 8r mm-mrad to 2r mm-mrad caused
the gain to increase more than 10 fold. underscorina the reaquirement that
accelerators used for free electron lasers need to have superb emittance

and energy spread parameters. This is due to the physical principle that

the free electron laser cannot be brighter than the electron source which
drives it.

Direct optical measurement of small signal gain with a constant wiggler
was measured using the optical measurement setup described in the previous
section. The small CO2 laser was used directly as input to the free
electron laser instead of being used to injection mode lock the high
energy CO2 laser. The laser signal varied from 1 to 10 mW. The energy
of the electron beam was varied about 25 Mev. The data was taken sub-
tracting off the spontaneous signal by measuring the detector level with

the laser input blocked. The gain was roughly invariant over the

range of input powers, and scale roughly with current over the

5-10 Amp range. The error bars are significant, so small deviations from
expected behavior were unmeasurable. Fiqure 17 shows the experimental gain
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Figure 16. FEL INTERACTION
Laser Induced Changes in the Experimental Electron Beam Energy Distribution
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m - TABLE 1

e SAMPLING OF THE MEASURED EMITTANCE
AT THE BEGINNING OF A SHIFT

‘ 4.4 » mm mrad 14.9 » mm mrad

!; 2.5 n mm mrad 13.4 = nm mrad

F

s 2.9 = mm mrad 8.9 n mm mrad

L‘ 8.4 n mm mrad : 8.7 = mm mrad

- 5.7 = mm mrad 7.4 = mm mrad

- - 7.5 = mm mrad 6.8 = mm mrad

- : 7.3 » mm mrad 7.0 = mm mrad

o 4.3 » mm mrad 4.6 = mm mrad

8.0 = mm mrad 13.9 = mm mrad

b - 10.0 = mm mrad 19.2 = mm mrad

F 18.7 » mm mrad 7.0 « mm mrad

4.0 » mm mrad 6.7 = mm mrad

¥

! The values represent the instantaneous emittance of the linac at

! the beginning of each shift before any attempt was made to improve the
phase space.
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agrees very well with the modeling. Gain was measured at four

different energies, allowing a rough approximation to the energy behavior
of the gain to be displayed in Figure 18. This cur&e was not reproducable
due to emittance fluctuations, so it is only shown to indicate that the
general character of the interaction is as expected. Note that this
measurement was of the actual optical gain signal, not a derived quality,
so there is no recourse to theory to extract the gain value. It is of
value to note that when comparing this data to others, care must be taken,
the above gain includes the radiation extracted as enhanced

spontaneous radiation in systems with crossed polarizers.

The radiation emitted by the electron beam passing through the wiggler
was found to be very useful as a diagnostic, in that the spectrum of the
radiation gives a large amount of information about the electron beam.
Experimentally, we have observed the effect of the energy of the electrons
on the wavelength of radiation, the effect of energy spread and emittance
changes on the width of the spectrum, the effect of changing the wiggler
taper on both the width and the wavelength of the spectrum, the effect
of collection solid angle on the spectrum and intensity, and the effect
of missteering on the spectrum. In addition, the spontaneous radiation
was used as a timing reference during the gain experiments.

Figure 19 illustrates the spectral shift of the spectrum with a
change in the electron energy. The position of the spectral peak is a very
good absolute calibration of the electron energy. Thus,by measuring the
spectrum, the energy of accelerator could be adjusted up or down to match
the desired operation condition.

Figure 20 illustrates the change in the spontaneous radiation caused
by changes in the width of the electron beam's energy distributfon. It is
not surprising that the width of the radiation increases with increasing
electron beam energy spread. Very similar behavior is observed with
emittance increases.

Figure 21 shows that increasing the taper of the wiggler system

decreases the wavelength of the spontaneous radiation and broadens the distribution.
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Figure 22 illustrates the dependence of the spontaneous radiation on
the solid angle of the collection optics. The radiation becomes longer
wavelength and broadens as the collection aperture increases. The radiation

has an opening angle of about 1.5 mrad, very consistent with aw/y = 1.4 mrad.

Large signal gain measurements with the tapered wiggler were attempted.

The input power was 10 MW and an wiggler taper of 1.6% in energy was used.
Crossed polarizers and a spatial filter (pin hole) were used with the
optical system (minus the etalon) described previously. The calculated
and measured sensitivity of this system was 1.5% gain, so at the £5%
confidence level the gain was less than 3%. This experiment predated

the installation of the emittance diagnostic, but assuming the emittance
was 8 = mm mrad, then the theoretical gain would have only been .5%.

If it had been 2 m mm mrad, then the gain should have been 6%. To the
threshold sensitivity of the system no gain was measured.
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‘saturation efficiencies of tapered wiggler FEL oscillators has been the

V  THEORY

In parallel with the experimental program a theoretical effort has been
performed to address the issues associated with oscillator start-up. This
effort has centered on understanding the principles of operation of multi-
component wigglers as opposed to fixed taper wigglers. The high predicted

impetus behind the high power FEL programs. There are difficulties with this
approach. In particular, the gain of a high power FEL with a tapered wiggler
peaks at a flux for which the taper is optimum; it decreases at other fluxes.]
Further, the output radiation frequency at which the gain is maximum as well
as the gain spectrum width changes as a function of input power for a given
taper.2 Thus, a tapered wiggler free-electron laser (TWFEL) becomes less K
attractive as an oscillator. Below we discuss how these unwanted oscillator
characteristics can be eliminated by substituting a more complex, multi-
component wiggler (MCW) configuration for the tapered wiggler. -;

The MCWFEL is based on the physical principles of both the TWFEL and Z?
the constant (untapered) wiggler free electron laser (CWFEL). In a constant j}
wiggler, the electron beam is injected with an energy (Yinj) above the ;g
resonant energy (yR) in order to obtain maximum net deceleration of the g
electrons. YR is the energy associated with the phase velocity of the ‘.
ponderomotive potential or bucket formed by the wiggler and radiation
fields. In a TWFEL, the wiggler is tapered following the rate of change »
in YR in such a way that there is a resonant particle whose phase stays .1
stationary through the interaction length and a maximum number of o]
electrons can be trapped in the ponderomotive potential well. The rate '
of decel?;gtion in YR is proportional to the square root of the input
power, PS ; hence, for a given taper there will be only one radiation 'Y
power that is optimum (ng). Further, the optimum Yinj = y?ﬁj at this
power is equal to YR to maximize the number of trapped electrons. For
radiation powers smaller than the optimum, the closed orbits begin to
open up and the particles remain untrapped. Energy extraction can occur 55
if the average energy relative to YR increases at a slower rate than the ’1
decrease in YR due to the wiggler taper. This in turn requires y?zj < YR
For a practical oscillator Yinj remains fixed and therefore, as the

power in the cavity increases, the output frequency shifts in such a way

tsmaad  atimd
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to "reaccommodate" the resonant energy so that the difference Yinj = YR
has the optimum value for maximum gain. For any taper & there is an

optimum power for maximum gain operation agd this power increases with 4
and decreases with the interaction length. In addition, for any & the

gain spectrum shifts as a function of increasing power with larger shifts
occurring for larger tapers.

In the MCWFEL oscillator scheme, a number of wiggler components is
utilized in such a way that each component operates at its own optimum
power and either is transparent or enhances the performance of other
components at other powers. In addition, in order to reduce the gain
spectrum width, the various wiggler components are chosen with different
wavelengths X W’ and amplitudes B , and separated by proper amounts of
drift space 1n such a way that YR is different for each component and

op
. ach section.
Ying - Yinj in e

The simplest MCW combination is a two component one consisting of a
CW followed by, or following, a tapered wiggler (TW). S1nce y?n > ng
but y$g3 = ;w, A, and B are chosen in such a way that yR < yﬁd The
small signal gain is enhanced by the constant wiggler section and the
function of the second section can be affected by the action of the first
section on the electron distribution. For example, if the CW is located
before the TW, the electrons can be "bunched" in phase space at the end
of the CW. The optimum bunch phase depends on the taper3. Thus, in order
to introduce the electrons into the TW in a proper fashion at high powers,
a very small drift space proportional to the difference in optimum phases
and to Ay is required. On the other hand, if the CW is located after the
TW, due to the very low small signal gain of the TW, no bunching occurs in
the electrons before entering the CW for low input powers and the CW is
transparent to high powers.

In addition, the large signal gain can be enhanced by a system similar

to an optical k]ystron.] That is , a large drift space where the electrons
bunch as they free stream can be added between the CW and TW components to
increase the number of trapped electrons for the TW operation. The drift
length necessary to achieve bunching is calculated as the length that it
takes particles separated in energy by &y/y and in space by half a radia-
tion wavelength to come together. This length is: Ly = ASYZ/[Z (6v/¥)1,
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where (8y/y) is induced by the synchrotron rotation in the ponderomotive
potential. The drift length L can replaced by a dispersion magnet which
produces an "effective drift distance" proportional to L3 and, therefore,

permits the enhancement of gain with shorter devices.2

In order to obtain quantitative confirmation of these ideas, they
were numerically investigated utilizing the TRW 1-D code that includes
diffraction effects of the input Gaussian optical beam and finite electron
beam emittance.‘ The numerical results presented here utilize the optimum
= 10.6 u, electron beam energy Eb =
2.25mm
= photon beam waist, total interaction length < 4 m, energy spread Ay/y =
.5% and a, = .98.
L = 4 m tapered wiggler FEL for different input powers. The large taper
(Ao = 35%) is required to obtain sufficiently high gain (> 8%) at 500 MW.

For Ps < 1 MW the gain is below 5% with a wide spectrum, Aw/w > 4%. The

parameters of the TRW experiment4: ys
25 MeV, electron beam peak current I =~ 40A, electron beam radius =

Figure 23 shows the gain spectrum obtained for a simple

peak gain frequency shifts more than 2 percent from the "resonant" output
frequency.

In order to test the MCW idea,
wiggler as illustrated in Figure 24.

we first simulated a 3 m two component
Case (1) corresponds to a 1 m CW
followed by a 2 m TW separated by a 1 cm phase adjustment section; the
order of the components is inverted for case (2).
R < and v = gt
The exact parameters utilized in the simulation are

The parameters are
chosen in such a way that v is optimum for the
whole system.
indicated in the figure. The taper utilized, & = 20%, would correspond
simple TW with L = 2 m and of 100 MW
The gain curve (gain vs power, at fixed y) for the simple

The effect of the 1 m CW section in
case (1) is to increase the small signal gain over that of a simple 3 m
TWFEL by a factor larger than 10. At very high powers (P > 500 MW)

the system behaves as a simple 3 m TW of 4 = 20%. The gain at 100 M«

is enhanced by a factor of almost 2 and the optimum power now occurs

at 50 MW. For case (2), the small signal gain is also increased by

almost a tactor of 10; however, for very high powers the system behaves as

a simple 2 m TWFEL.

to an optimum power of 500 MW for a
ifL=23m.
TWFEL is also shown in Figure 24.
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In case (1), the initial CW acts as a buncher section of the TW and
the whole system is equivalent to a TW of length > 3 m for high powers.
Hence, the optimum power of this device is smaller than that of a 3 m TW
for the same taper A. For very high powers, the bucket size is sufficiently
large that the increase in bunching does not play an important role and
the whole system behaves as a 3 m TWFEL. For case (2), the CW is practically

' transparent to high powers and all the gain is determined by the 2 m TW.

The dip in the curve is due to the fact that this system essentially be-
haves like two separate components and the optimum power of the 2 m TR

is at those high powers for which the CW gain curve is already very small.
Obviously, several possibilities can be suggested to obtain a montonically
decreasing gain curve with sufficient gain at high powers. For example, a
system similar to (2) with a very small taper (A ~ 1% or so) for the first
section will decrease by a very small amount the small signal gain but will
increase the gain at the dip. Another possibility is to consider the
effect of drift sections in the high signal gain.

In order to test the optical klystron idea for a TWFEL, a three com-
ponent wiggler: (CW, drift space, TW) was simulated as shown in Figure 25.
In this figure the results obtained for a short prebuncher CW section
(Lc = 15 cm) followed by Lp = 1 m drift section and by a 2 mand a 3 m
TW sections, respectively, are compared with those of simple 3 mand 2 m
TWFEL's. The lengths Lc and LD were chosen to maximize the bunching at
high power. The gain and efficiency are enhanced at Pzp by a factor of
almost 2. This enhancement will not be effective if the electron beam
has a large effective energy spread. In this case the potential well
will be full from the beginning and the particles bunched in phase space
will spread in energy beyond the well.

As a final demonstration of the possibilities of a MCW system for FEL
oscillators, a four component system was simulated as illustrated in
Figure 26. Essentially, a prebuncher (CW plus drift section) was added
to the case (2), of Figure 24. In addition, the taper was decreased to
13% corresponding to an optimum power of the simple 2 m TW near 100 MW,
coincident with the optimum power of a simple 3 m TW with Ao = .20.

In this system the small signal gain is further enhanced by utilizing
now the whole initial 3 m as a prebuncher and drift space for the final
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1 m CW section. Note that the small signal gain is 60% compared to 20% in
Figure 24 and less than 3% for the single 3 m TW. The large signal gain is
increased over that of a 3 m taper due to the prebuncher, however, this
increase is less than a factor 2 due to the initial energy spread (.5%)

of the electron beam. In addition, the whole gain curve has an almost
(except for the small bump at a 100 MW) monotonically decreasing character-
istic. The case shown in Figure 26 has a total single pass efficiency
n=3% at P~ 600 MW which is assumed to be the saturation power for a
cavity loss of 5%.

More important than to show gain enhancement at a given output
frequency is to look at the improvement in the gain spectrum curve. Figure
27 shows the decrease in the spectrum width for small signals, an increase
of the maximum gain peak and an negligible shift in the peak. This is
due to the flexibility of choosing different R for the different sections
of the MCW. These results can be optimized further by utilizing a very
small tapered wiggler instead of the CW. The number of photon passes
calculated to obtain saturation at 600 MW assuming an injected power of
1 M was 90 for the case shown in Figure 26. Further, the number of
passes increases only by 6 for each order of magnitude that we wish to
decrease in the injected power.

In conclusion, we have analyzed the main characteristics that determine
the gain and gain spectrum vs power curves for different tapers. From
those characteristics we have developed a scheme that permits the operation
of the FEL as an oscillator, at very high powers. The scheme, MCWFEL,
increases the small signal gain by a factor larger than 10, provides a
smooth gain curve and decreases or eliminates the possiblity of frequency
chirp due to nonoptimum electron beam energy injection.
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VI  SUMMARY

To summarize the previous sections, we have developed under the contract
a set of advanced diagnostics for free electron laser use. The diagnos-
tics have been utilized to compare FEL performance with theory. This
diagnostic system included the use of spontaneous emission to absolutely
calibrate the energy of the accelerator. The electron current was monitored
with Faraday cups. The relative positions of the electron and photon beams
were determined by the use of insertable screens. Inventions were necessary

“;

to measure emittance and gain. To measure the emittance, beam profile
as a function of focusing quadrupole current was determined using a fiber

optic array system. This system provides both mutiple single shot and time
averaged emittance. To measure the optical gain, sufficient discrimination

between the input pulse and the gain signal was achieved by the use of an
etalon in the reflective mode. This was coupled with time averaging
electronics to form the most sensitive gain measurement system developed
under any of the tapered wiggler FEL programs.

Use of these diagnostics uncovergd large changes in the day-to-day
emittance of the linac. Moreover,sensitivity of the FEL to emittance
changes appeared to be large (in agreement with theory). Small signal
gain of the FEL with a constant wiggler was measured to be 1.5%. Large
signal gain with a tapered wiggler was found to be less than 3%.

The key result of this effort is not any one measurement but the
conclusion of the ensemble: for all measurements to date FELs work
according to theory. To further parameterize the FEL and perhaps uncover
any subtle discrepancies it will be necessary to get a more reproducible
accelerator particularly as regards emittance. If necessary,this can be
achieved by use of an emittance filter. The goal of FEL development
can be addressed through a limited set of technology issues such as:

e Linac development (smaller emittance, higher currents)
e Wavelength scaling
® Optical beam quali.y and power handling

e Multicomponent wiggler optimization
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As regards the last issue, modeling results have been very encouraging but

still await experimental verification. The other issues will require a !{
more extended development program but are expected to yield to a reasonable i
effort. In conclusion, while more definitive data would be advantageous,

all results to date are very encouraging for FELs as a high power tunable r
source of visible radiation. [
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APPENDIX I
Time Structure of FEL Output

The free electron laser output is derived from the contributions of
the input laser and the radiation of the electrons. These contributions
have different time structures as calculated below.

If the laser input pulse is a Gaussian in time with length o and

the electron pulse is Gaussian in time with length Ogs then,

-tzlc 2
P~ e L (Input Laser Power)

L

-t2/o 2
ig~e e (Electron Beam Current).

In the small signal input case, the optical gain signal is proportional
to the input laser power and is given by
2 2
42 [517-+ —lz] el O
S Pligae L %ed=e 2 :

2
g
e 9L

L I
If o = 100 Ggs S it is in this experiment, then

2 [1+20™
S~e oez .

This implies that Ogs the length of the optical gain signal, is smaller
than % by 5 parts in 105. In the large signal input case, the optical
gain signal is proportional to the square root of the input laser power
and is given by

4
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This implies for o = 100 e that og is smaller than e by 10 parts in 107,

The radiation due to bunched electrons is proportional to the current
squared [third term in Appendix II], so it is proportional to

2

2[ 2 2/(c,/V2)

2aet [;‘z‘] A
e

Therefore, its length in time is a square root of 2 shorter. This though
makes little difference experimentally as pulses shorter than the electron
pulse can not be distinguished. Thus, in all cases, all pulses, except
the input laser pulse, can be considered equal in length to the electron
pulse.
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APPENDIX 11
Definition of Gain and Power Qut of FEL

The calculation of the optical field after the interaction with the
free electron laser is shown here. The electric field of the input laser
is written as ELei¢. The radiation field radiated by the electrons fis
written in two terms: one for the quptaneous unbunched radiation present
with or without the input laser (e;e1¢), and the second for the "spontaneous"
radiation emitted by the bunched electrons esei(¢+w), where the bunching
is induced by the input laser field. ¢ is the average phase of the bunched
electrons relative to the optical field and is closely approximated by the
standard y for a taper wiggler. Adding these fields together, squaring
and averaging over random phases gives the power after the interaction in
the free electron laser. That is

' 2
2] 2n 2r,0 . i¢ iy i(e+y)
pout * Zn)Z _A d¢_/; d¢ [r,i_e + e e + e.e

= EL2 +2 ELescos v+ es2 + e; 2
The first term is the input laser power; the second term is the work done by
the electrons on the optical field and is generally called gain in most
modeling, the third term is the power radiated by the bunched electrons
as they pass through the wiggler; and the last term is the spontaneous
radiation from randomly phased electrons. The input laser bunches a
fraction of the electrons, the amount of bunching in the small signal 1limit
being proportional to the square root of the input power. The power

radiated by the third term is proportional to the square of the amount of
average bunching. In the standard free electron laser, the electrons
enter the laser with random phase and are bunched by the optical field

as mentioned above. Thus the third term is proportional to the input
laser field. It has the same dependence on the input field as the second
term and the same time structure. It can be distinguished by polarization
techniques and because it is proportional to the electron current squared.
A1l the other terms are linearly proportional to current. If the gain is
defined as power out minus power in divided by power in, then this term
will be included in what is called gain.
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Gain measurement experiments are not capable of distinguishing term
two from term three except by the dependence on input current and perhaps
by polarization measurements. Our measurements included both terms. The
results presented include both terms -although calculations indicate that
the third term is two orders of magnitude smaller than the second.
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APPENDIX III
A Fully Time Resolved High Resolution Optical Fiber Profile Monitor

The profile monitor consists of a single plastic clad polysilicate
optical fiber, wound on a mandrill to form a ribbon of sixty tightly packed
loops (see Figure III-1 and III-2). One section of the circumference of
this ribbon is placed to intercept the electron beam, with the rest of the
ribbon bent out of the way. This section of the ribbon is oriented at the
Cherenkov angle with respect to the electron beam. In this way, the
Cherenkov radiation produced by the passage of the electrons through the
fibers is launched in an efficient and highly directional manner. If the
electron pulse is short compared to the optical transit time through one
loop of the ribbon, then the ribbon acts as a multi-tapped delay line,
converting position to time of arrival. Since Cherenkov radiation is a
linear function of the electron current, there is no saturation problem
with this interaction. The emitted light is guided along the fiber to a
fast photomultiplier outside the noise environment of the accelerator.

The dispersion of the optical fiber over short distances is not a problem
as long as the dispersion is less than the transit time of a single loop.
The output of the photomultiplier gives a signal as a function of time
which is proportional to the electron current as a function of position.

The optical fibers are prone to radiation damage by the passage of
the electron beam through them. To a large extent, this damage can be
controlled by heating the fibers so that they anneal as the damage is done.
This was done by placing a heat lamp near the fibers.

DESCRIPTION AND RESULTS

The optical fiber has an inner diameter of 125 um of polysilicate
surrounded by a plastic cladding with an overall diameter of .016". It
has an index of refraction of 1.47, giving a Cherenkov angle of 39°. The
fiber was wound on a 6" diameter mandrill giving a 2.35 ns channel
separation. The electron pulse from the EG&G linac is approximately 50
psec, much shorter than the channel separation. There were 60 turns on
the mandrill for a total width of 1.15" or .48 mm per channel. Thirty
feet of fiber were left at one end to prevent the possibility of reflection
from interfering with the desired signal. The other end has a 200' run to
the photomultiplier tube. The output gives a very clean, low noise,
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Figure III-1,

----------

Schematic of the Optical Fiber Array
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resproducible signal. A single shot output is shown in Figure III-3. This
shows a full width at half maximum of 35 ns which corresponds to 7.1 mm or 14
channels. The edge of the detector array is evident by the shoulder.

Figure I11-4 shows the result of averaging over 10 shots and Figure I1I-5
shows the result of averaging over 10 shots and eliminating the high
frequency ripple. The spectrometer magnet used with this detector has a
momentum dispersion of 7.67 mm/% (AP/P) and a resolution of .19%. That
resolution of the position detector is three times better than necessary

for this spectrometer.

The linac was operated at 0.75 nanocoulombs/pulse and 60 pulses/sec or
450 nAmp average current at 25 MeV. With the use of a heat lamp, the

attenuation from one end of the fibers to the other end was kept below 30%.
This was measured by observing the peak electron amplitude as the spectro-
meter magnet current was varied (see Figure II1-6). It is easy to plot
this attenuation function, so chat the data can be properly corrected for
it.

CONCLUSION

A very inexpensive high resolution single shot position monitor has
been built and is been used as an integral part of the TRW free electren
laser program. The resolution can be further increased by using smaller
diameter fibers. If the average beam current is higher so that the damage
to the fibers is more severe, then multiple fibers layed side by side
of different lengths could be used instead.
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ATTENUATION OF OPTICAL FIBER ARRAY
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I. FIGURE III-6: Signal vs Position of the fiber array showing ’
. - attenuation due to fiber damage and repair by o
: annealing.
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APPENDIX 1V
Emittance Measurement Technique

An Emittance Measurement using one Quadrupole, a Drift and a Profile
Monitor.*

The emittance measurement relies on the fact that the width of the
profile is a function on the strength of the quadrupole, and that this
function depends on emittance. So by measuring the functional dependence
of the profile on the quadrupole current, the emittance can be determined.
Using simple first order electron beam transport equations will show
how to extract this information. Refer to SLAC PUB-91-Revision 1 for
a description of electron beam transport. This matrix formulation allows
one to take a vector representing the electron's transverse position and
angle at the beginning of a transport section, multiply it by a transport
matrix to get the electron's final position and angle. The transport
matrix for a drift region is

[A %] where L is the drift length.

The transport matrix for a quadrupole magnet is

» ]_ 3 »
cos qu K sinkql

q , where L~ is the length of the quadrupole,
kq sinkqL” cos KqL‘

quL’= 1/f, where f is the focal length of the quadrapole. If the length
of the quadrupole is short compared with the focal length, then the thin

lens approximation can be used where Xk L“ + 0. That is the transport for
quadrupole matrix becomes q

*The idea was obtained from Roger Miller at SLAC.
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The system looks like this

|

—

[+ § (+]

_ If the profile of the beam is a Guassian phase ellipse which is represented
L" by a o matrix at the center of the quadrupoie, then the phase ellipse at
' the position of the profile monitor, o, can be determined by beam transport.

The variance matrix is
G11 012
G021 022

o11 s the variance of the width, o,, is the variance of the divergence,
and o] = 0, is the covariance of the width with the divergence. Note

w the square root of the area of this phase ellipse is the emittance, by
definition. Back to calculating o as a function of 1/f, where 1/f is
proportioned to the current in the quadrupole. Substituting K for 1/f
and standard transport matrix formulation
- _31 Ly g1 O 1 K, 41 0
°-'Ol]lK IUIO]]lL ]l
' =|]+LKL| |]+LK Kl
¢ K ] ¢ L 1
- Finishing multiplying through:
:
?‘ s (1/f) =
| (1 + LK)Z o5 + L(1 + LK) (015 + 021) (1 + LK) 1/f o1y + (1 + LK) 012
+ L2 o \ + LK 021 +|.0‘22
§ (1 + LK) K + LK
S * o °12 K% 011 + K (012 + 031) * 025
+ (] + LK) o1 ¢+ L022
67
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The first element of o is

611 = (1 + KL)2 o1 +1L (1 + KL) 2 0y, + L2 022
= K2 LZ o;j; + K (2L o5 t 2[.2 012) + (0'1]_ +2L 015 ¢+ LZ 0‘22)
Experimentally,

o;1 = A K2 +BK+C , whereA, B and C are determined experimentally

by measuring vo,, as a function of current (K) in the quadrupole. The
emittance is the square root of the area of the ellipse, ¢ = V(o1 022 - 029F.
Therefore, o011, 022 and o7; must be determined from A, B and C in order to

calculate the emittance from the measured profiles. This is accomplished
by noting the different functional dependence of o11 on different elements of the

o matrix, (i.e. the quadratic dependence depends only on oy;). Comparing the above
equations it is obvious that A = L2 a11 or o011 = A/L2.

Also B =2L oy + 2% 65, (noting that oy, = 02;)
Therefore o1, = B2t - and

Finally C =o0y; +2L oy, + L2 0y,
so solving for o,, gives

02y = /L% - B3 + ALt

Now we are ready to solve for the emittance*

2
€= “511 022 = 012
Substituting for oy1, 05, and o), and reducing, yields.
S PN T
In conclusion, by fitting a parabola to the variance of the profile
width as a function of current in the quadrupole, the simple formula above
gives the emittance. It takes but a few minutes to measure the width of

the profile at four or five current settings and then calculating the
emittance using a programmable calculator.

* Note the complete phase ellipse, including the angle is determined at
the position of the quadrupole.
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APPENDIX V
ACCELERATOR DEVELOPMENT

This section describes a six-month program performed by the Boeing Aerospace Company
to develop accelerator technology for short wavelength free electron laser research. The

~ major program objective was to design critical linear accelerator system compornents to

produce a long pulse, high current beam with the optical quality and stability necessary
for submicron FEL oscillator demonstration experiments.

The major accelerator technology tasks performed during this program were:

D High current injector design; space charge dominated magnetic optics, subharmonic
prebunching design,
2)  Long pulse RF power modulator design, and

3)  Design, fabrication and installation of electron beam diagnostics and transportation
system,

1.1 HIGH CURRENT INJECTOR )

To achieve electron beams with the optical quality necessary for FEL demonstration
experiments several improvements to the BAC LINAC injector have been proposed. As
part of the completed program a reconfigured injector was designed and is illustrated in
Figure l.1-1. These completed design modifications include:

@ Gun extraction magnetic optics and full Helmholtz field for injector (described
in Section 1.1.1).

® Addition of a 119 MHz (24th subharmonic) prebunching cavity and relocation of
the 476 MHz (sixth harmonic) cavity (described in Section 1.1.2).

1.1.1 Injector Magnetic Optics

Axial magnetic field is used to maintain equilibrium Brillouin flow in the injector. Care
must be taken in three areas:
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@ Control of beam space charge during transition from the field-free gun to the
uniform field region,

® Suppression of radial oscillations by matching beam bunching with axial field
increases, and

@ Radial compression of the bunched beam at the entry to the S-band buncher to
minimize emittance growth due to transverse cavity fields.

The transition between the gun and the first prebuncher cavity is customarily
accomplished with a steel jacketed Glazer lens. In the present injector an 8-cm aperture
lens 23 cm from the gun is used to form a waist at the subharmonic buncher gap. The ETP
code was used to model flow from the proposed small cathode Model 12 through the lens
and into the buncher. The results are shown in Figure 1.1-2. The lens action is principally
on the outside rays in the buncher since these rays experience the strong radial gradient
near the lens body. The outer rays crossover as the beams forms a waist and substantial
beam heating occurs. The calculated emittance growth is from 4.77 mr-cm (€p = 0.01
cm rad) to 70.7m mr-cm (€y = 0.15 cm-rad). Note that although in this run, the large
number of trajectory crossovers may have caused a simulation problem, the results clearly

" indicate excessive emittance growth, .

As an alternative to the discrete lens approach, a quick transition to a uniform solenoid
field was postulated. ETP was used to model flow in a 3-cm radius solenoid placed 6 cm
from the gun anode. A reverse current loop was placed between the anode and the
solenoid to buck out axial field in the anode-cathode gap. The trajectory plot is shown in
Figure 1.1-3. The flow remains relatively laminar although the radial compression in the
last 10 cm probably should be avoided. The calculated final emittance was 19.3 mr-cm
(€N = 0.04 cm rad).

The hardware design for this type of transition is shown in Figure 1.1-4. The solenoid coil
is designed to slip over the first short vacuum section. The coil will be fabricated in
water-cooled, hollow copper tubing to handle the ~100A current. The coil will be
somewhat adjustable in axial position for fine tuning of the optics. Two small Helmholtz
coils straddle the vacuum tee. These coils form a transition to the main Helmholtz field
that begins at the 119 MHz prebuncher cavity.
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Optimization' of the magnetic field design is performed with a Boeing-developed
microcomputer code. This code also performs a paraxial ray analysis to calculate beam
envelopes in the injector. Beam current ramping by the bunchers is included. This code
has been directly compared with ETP for the case shown in Figure 1.1-2, agreement in
calculation of beam radii was within 10% throughout the full axial distance. This code
was used to tune the magnetics in the design, Figure i.1-3, A plot of the magnetic field
from the gun cathode to the 24/l buncher is shown in Figure 1.1-5. The corresponding
beam envelope plot is shown in Figure 1.1-6. The field in the cathode-anode gap can be
held comparable with the earth's field. The beam assumes an equilibrium radius of ~1.2
cm with a minimum of scalloping.

Magnetic optics in the remainder of the injector are relatively straightforward. Magnetic
field variation in the Helmholtz field is available to equilibrate with current increases
developed by the prebunching cavities. Tuneability will be built in to allow experimental
optimization. Beam spot size and radial motion monitors incorporated in the injection
diagnostics will assist the tuning process. Linear accelerators are notorious for not
optimizing at the design axial field. :

The magnetic field capability will range from 500 gauss at the 119 MHz prebuncher to 2K
gauss at the entrance to the tapered phase velocity buncher. An example of the field
profile through the injector is shown in Figure 1.1-7 with the envelope plot shown in
Figure 1.1-8. The beam radius is held large through the main portion of the injector then
compressed to 0.5 cm radius at the entrance to the S-band section. Off axis particles
experience time varying transverse fields in the coupler and first cavity of this section.
The effect is similar to a lens with focal length varying with particle phase. This area has
been identified as a potential problem for emittance growth for high charge micropulses
in the SLAC collider injector, Reference 1.1.1. Two-dimensional trajectory analysis tasks
outlined in the technology support task will address this problem in detail.

1.1.2 Injection Bunching Design

The injector design utilizes multiple subharmonic gaps similar to high current single bunch
designs at Argonne, Reference 1.1.2 and SLAC, Reference 1.1.3.
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The design objective is to bunch 2.5 nanocoulombs into a single S-band bunch without
measureable satellite current. The input gun pulse is assumed to be 3 ns full width and
adjustable in current to 10A. Two subharmonic prebunchers are used. The first operates
at the twenty-fourth subharmonic 119 MHz, and the second at the sixth subharmonic 476
MHz.

The interaction of gated gun pulses and standing wave cavity bunchers has been analyzed
using the code ORBIT developed by W. J. Gallagher. The beam model used is that
described by Tein (Ref. 1.1.4). The derivation of the equation of motion appropriate to
prebunching is given in Ref. 1.1.5. The approach is to consider the beam as a series of
charged discs, ascribing all the beam charge to N discs per wavelength. The potential
inside a cylinder may be obtained, which conveniently eliminates infinites which would
otherwise occur as discs approach each other infinitesimally cose. The force on any disc
may then be determined by summing over all other discs, and its motion calculated. This
model, which permits crossovers, is considered realistic, since the discs are, in fact,
"porous" from the electronic standpoint.

The code was used to parameterize the cavities individually. The longitudinal bunch width
is plotted as a function of drift distance for several gap voltages in the 119 MHz cavity in
Figure 1.1-9. Also shown is a sample of the code output. The input current is divided into
21 discs, each disc is assigned a current so that the assembly represents a gaussian
waveform containing the total charge noted (5 nanocoulombs). The disc positions are
plotted in units of accelerator fundamental phase. The parametric calculations show that,
for high charge, small bunchers are obtained with short drift distances and high gap
voltage. The target phase width for the first prebuncher is 47 of the fundamental. This
width is the acceptance of the sixth subharmonic cavity. From the graph, gap voltage of
~40 kV and drift distances of 100-140 cm are required. The sixth subharmonic cavity is
placed at this location. A graph of bunching performance for this cavity is shown in
Figure 1.1-10. These calculations are shown for both 5 nanocoulombs and 2.5
nanocoulombs. The target phase width in this calculation is m/2 of the fundamental since
this width will assure 1% energy spread in the accelerator.

The lower charge beam is clearly preferred. Some additional form of bunching may beé
required for the high charge bunch. Multiple cavity traveling wave prebunchers have been
used at Argonne to develop single miczobunches of 40 nanocoulombs. Beam emittance has

77




$3014 bujyoung A3}AR) ZHW 6LL

(W) 3ONVLSIO

© 6-1"L 34nb}4

(W) 3omvisiu Ll

P

082 0SS! 00t eg ("] 0%~ -~ e ot 002 001 \ :
L § Q‘ T « ‘
) 9- j A0S N
4
o s e e - e - \MJ _— N\ ag Q
1 WIITW 1T ) - H
£ 2 . 0 E
- o n ' —
[ Mg “u- Wo
1 - ™. I - o R N
= ! ". [ ! ' AR0Q L]} m m
° g ] :
- ” <
1 s, _ " "0 .
v » . " o [ 3
4 . o« i N VI ey I 1 m
X _ _ .
16 Wissfivd sw € Nl —...S.... Y u: Hanl Wy 3
1 o
LNGNT 10N & SN € : | - | _ o
JE0A J¥D A D% 7 ¢
ALIAYD Th b1 4 o
NuE-~S 1:92
i
q
|
b |
1
Ny /N . . ia D gl " 7 - PRSP — e i Pyr“r@




R

. T T I SERRaa LA ™ Y " \ig gl «1114
S04 dSujydung A31AR) ZHW 9Lv  QL-1'L 34nbiy

]

]

()] 1ImiS10 10104 (W) $IwasSiu 131K ]

uilt um w o0 02 0 00t oy vy 0r 02 0 . ]

BN

- —— .
>umM/

\ e

79

ANO{

~ N

Z

7
EZAmNENN
™

(SLINN 2Symg TViNIVONNS) HICIR HONNG

>
x
{SLINS ISWHE TYIn3MvONld) wigIn NONNG

Y s
_\\ MOEN ;7
j.L/
I9WLI0A Sy #3// ]
— - 901 WA JdYY “y
NYISSIYD SHET %) WIODNS 2VAN 04 inuNt
ALIAYD whintt)dns I 949 Wy {sSavs Sa ¢ Ikt oI § Ra0tL LNdNI

£

ey

s P 6 M w0 0 ° o ]




-y

been large, however, with the high charge bunchers. Our approach has been to look for
designs that allow the bunch to form quickly at the entrance to the high gradient
accelerator so that space charge heating is minimized. One rather simple way to specify
such bunching is to run the Orbit code backwards. An ideal width beam is assembled at
the input to the accelerator. In Figure l.1-11, the beam is "injected" into the code and
allowed to freely expand due to its own space charge. The distance to 4n phase width
becomes the 476 MHz cavity location and the phase and Y encoding of the particles
becomes the prescription for the cavity voltage. The prescription is not too far from a
phase shifted sine wave at 50-70 kV amplitude.

The prebuncher cavities are combined in a design shown in Figure 1.1-12. A 2.5
nanocoutomb, 3 nanosecond gaussian pulse is injected at 110 kV. The 119 MHz cavity is
operated at 30 KV and the 476 MHz cavity at 20 kV. Ninety percent of the charge
appears in a fundamental phase width of 7/2 at the accelerator entrance. This charge will
be further bunched by the accelerator to 15-18 degrees of phase, Ref. 1.1.6. The
equivalent peak micropulse current is 150-170 amperes.

1.2 LONG PULSE RF MODULATOR

To provide the pulse length >0 s) and the RF phase (<3 pS spacing error) and amplitude
(1% unflatness) stabilit; required to support proposed FEL experiments several
modifications must be made to the BAC modulator. These modifications include:

® Additional PFN stages for a 50 usec pulse length and optimized design
parameters for flatness

® Jpgrade switch thyratrons for long pulse reliability

® Replace pulse transformer and associated equipment with long pulse rated
hardware.

Upon consideration of the RF stability necessary to achieve the energy spectrum
requirement for FEL application it appears that phase modulation and output power
variation of the klystron is one of the principal causes of deterioration of the beam
quality.

Thus, to ensure RF phase and amplitude stability
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® Additional active amplitude and phase control circuitry will be added to the

klystron drive.

This task involves participation of the LANL RF and magnet design group AT-5 as a
subcontractor. The LANL staff has unique capabilities in long pulse klystron modulators
and in the development of fast response active control circuits.

In addition to the assistance from LANL (contracted for on the basis of their experience
in the design of the PIGMI modulator), a separate study was undertaken on the discharge
pulse from the pulse forming network (PFN).

The design of the PFN was based on the following considerations. The switching thyratron
voltage rating and the intended high voltage klystron pulse establishes the pulse
transformer (PT) turns ratio (N) and the primary circuit voltage. The energy per pulse to
be delivered to the klystron therefore determines the PFN network capacity (CT) taking
into account the voltage doubling due to resonant charging through the charging choke.
The PT turns ratio and klystron impedance also determines the network characteristic
impedance (y/LT/CT) and thereby the total network inductance. Since it is desirable to
use all capacitors of the same value, the number of sections (n) can be determined on the
basis of the pulse rise time (tR)

R =nl/3 JLrCT (0

The thirty section PFN designed on the above basis, (with C = 0.12 uf L = 8.4 Uh) was
analyzed. The voltage pulse as a function of time acrss an 8.4 ohm load is shown in
Figure 1.2-1. This computation was performed on a computer. The program used was a
Boeing-developed transient circuit analysis program (Ref. 1.2.1). The network analysis
showed that a pulse of 55 us duration (with 45 us having a quarter percent regulation)
would be obtained. Inicial overshoot was eight percent and fall-time 4 us. Post-pulse
ripple amplitude was 4 kV maximum. The design is considered acceptable although
further studies on the effect of component tolerances are planned..

As part of their subcontract, LANL has completed the initial modulator design and
submitted it for review. Several of the critical system component (thyratron, driver,
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pulse transformer, charging choke and capacitors) specifications have been finalized.

Orders have been placed for the following equipment:

® Switching Thyratron, 50 kV, 5 kA, 8A average anode current, 100 sec pulse 50
PPS (ITT 8479) ,

® Thyratron Drive, including bias supplies for grid and auxillary grid, and cathode
heater supply (Impulse Electronics TA-4K)

® Thyratron Drive board, fiber optic coupler (Impulse Electronics TD-3K)

@ Pulse transformer assembly compatible with Thomson-CSF 2015B Klystron, 11:1
ratio, 250 kV at 240 amp output, 100 usec pulse at <1% droop, 50 pps continuous
duty (Stangenes).

@ Charging Choke, 3.4 h + 10% at RMS current 13A, average current 7.6A, peak
current 27 A, 20,000 hours life cycle. Charging duty 200 pps at 10 us, 100 pps at
50 us for a 3.6 uf capacitor bank to 50 kV, DC supply side 24 kV (Stangenes)

® Oil Tank for 20 MW, 20- kW, TV 2015B klystron and pulse transformer assembly,
top plate machined to accept klystron socket, high voltage 50 kV, 2.5 kA bushing

for pulse input, feed throughs for current and voltage monitors and cone reset
power supply. )

1.3 BEAMLINE AND FEL DIAGNOSTICS

The beamline instrumentaton was upgraded during this program with the addition of four
fluorescent tuning screens and position monitors. The location of these instrumentation
stations (shown in Figure 1.3-1) were chosen to coincide with waist locations in the beam
optics. A long drift leg has been added straight ahead of the LINAC to measure beam
emittance. A digital system was installed for displaying the beam position in real-time.

The beam handling system leg immediately upstream of the FEL wiggler has been
shortened to decrease the sensitivity of electron beam waist location on magnetic
quadrupole setting.

1.3.1 Electron Beam Transport

The success of FEL experiments depends on proper preparation of the electron beam
before it enters the wiggler. Among the parameters controlled by the beamline are the

entrance conditions (position, orientation) to the wiggler and the phase space
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configurations. The entrance conditions are important to maintain overlap with the laser
beam through the wiggler, and phase space control is important to minimize the
equivalent energy spread of the electron beam.

The beamline is taken to be that transport region from the exit of the Linac to the
entrance of the FEL wiggler. The arrangement of the experimental hall strongly
influenced the layout depicted in Figure 1.3-1. From the end of the Linac (A-leg) the
beam is translated through an achromatic dogleg (B-leg) to a direction parallel to the
Linac centerline (C-leg) into the FEL interaction region.

Experience with FEL experiments shows that electron beamline tuning is a time
consuming process and may not always be successful. To eliminate these tuning problems
the beamline configuration has been re-examined and modified. The A- and B-legs have
been left intact. The major change in the transport system is shortening the C-leg.
Calibrations showed that phase space control was more sensitive to quadrupole settings
the longer the C-leg was. Shortening this part of the beamline will aid the tuning process
by reducing their sensitivity.

Several beam monitoring stations have been inserted into the beamline. These stations
contain beam viewing fluorescent screens and beam position indicators. These devices
will enable the linac operator to 'walk' the beam down the beamline while controlling
phase space orientations by viewing the screens.

An important feature of the A-leg is that it will be used to measure the emittance of the
beam as it exits from the linac. An algorithm for this measurement has been derived
which involves measuring the beam size on the first viewing screen as a function of an
upstream quadrupole setting.

The beamline calculations were performed using the computer code TRANSPORT (Ref.
1.3.1). The fitting capabilities of this code were extensively employed to locate magnet
beam handling elements along with their settings to achieve the various beamline
features. After the beamline was established, the TURTLE (Ref. 1.3.2) code was used to
ray-trace the entire system. The results provide beam profiles and scatter plots of the
beam at each of the monitor stations in the beamline. In this way a comparison of the
predicted and observed beam characteristics can be made in order to aid in the beam
turning procedure.
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1.3.2 FEL Diagnostics

The electron beam position is monitored at four locations along the beamline (Figure 1.3-

1). Two different measuring techniques are employed to determine beam position and
size:

® Fluorescent screens, and

® Ferrite-loaded Stripelines

A drawing of the vacuum chamber and the beamline position monitor and viewing screens
is shown in Figure 1.3-2. The viewing screens are moved into and out of the electron
beam by means of an air actuated vacuum feed-through translator. The targets are

oriented at a 45-degree angle relative to the beam centerline. Separate TV cameras
monitor each viewing target through a quartz window.

The fluorescent screens can thus be used to walk the beam through the transport optics to

. set focal lengths, position and size at the FEL entrance. The precision of these screens

for measuring beam spot size and position is £0.5 mm.

Non-interrupting position monitors at the same locations as the viewing targets are used
to assure centering of the beam in the magnetic optics. These finite loaded stripline
monitors have a time resolved sensitivity to measure beam position with 0.5 mm.. Each
monitor s made up of four electrodes, two each along the horizontal and verticle axis of
the plane perpendicular to the beam pipe centerline. These electrodes straddle the beam
along each axis and are located equidistant from the drift centerline. The signal in each
electrode is proportional to the beam current and inversely proportional to the distance of
separation from the beam. The measured signal can be made to contain only positional
dependence by taking the ratio of the difference and sum of measured mangetic fieids
along an axis. The signal from each stripline pickup is digitally processed and displayed
graphically on a monitor. This real-time position data can be displayed in two formats.
The first displays the beam position at a selected location. The graphic display includes a

dot to represent the electron beam poisition and a set of cartesian coordinates are used to
reference the beam pipe centerline,

The second display format simultaneously shows the electron beam position at all four
diagnostics stations along both the horizontal and vertical axes.
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